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NASA	  and	  NSF	  should	  support	  an	  aggressive	  program	  of	  ground-‐based	  high-‐
precision	  radial	  velocity	  surveys	  of	  nearby	  stars	  in	  order	  to	  validate	  and	  
characterize	  exoplanet	  candidates.	  Need	  candidates	  (K2	  and	  TESS	  and	  other	  
sources)	  and	  addiDonal	  ground-‐based	  observaDons	  as	  well.	  
	  
NN-‐EXPLORE	  will	  “conduct	  ground-‐based	  observaDons	  that	  advance	  
exoplanet	  science,	  with	  parDcular	  emphasis	  on	  Kepler,	  K2,	  and	  (eventually)	  
TESS	  follow-‐up	  observaDons	  and	  on	  observaDons	  that	  inform	  future	  NASA	  
missions,	  such	  as	  the	  James	  Webb	  Space	  Telescope	  (JWST)	  and	  the	  Wide	  
Field	  Infrared	  Survey	  Telescope	  –	  Astrophysics	  Focused	  Telescope	  Assets	  
(WFIRST-‐AFTA)	  mission.	  

NN-‐EXPLORE	  GO	  Program	  



•  Stage	  1	  –	  Pre-‐commissioning	  (through	  Sep	  2019)	  
	  Simultaneous	  with	  the	  instrument	  development,	  
	  NASA	  will	  manage	  an	  exoplanet-‐targeted	  Guest	  
	  Observer	  program	  with	  exisDng	  instrumentaDon	  
	  using	  NOAO	  share	  of	  WIYN	  (40%;	  approximately	  	  
	  100	  nights/year,	  ~50/semester).	  	  

•  Stage	  2	  Post-‐commissioning	  (Star:ng	  in	  Oct	  
2019)	  

NN-‐EXPLORE	  GO	  Program	  



NN-‐EXPLORE	  GO	  Program	  
•  GO	  program	  is	  already	  under	  way	  	  

–  Started	  in	  Semester	  2015B	  (1	  Aug	  2015	  –	  Jan	  31	  
2016)	  

–  Semester	  2016A	  (1	  February	  2016	  –	  30	  July	  
2016)	  

–  Semester	  2016B	  	  (1	  Aug	  2016	  –	  31	  Jan	  2017)	  
•  Proposals	  just	  selected.	  



Imaging	  	   Spectroscopy	  

One	  Degree	  Imager	  “ODI”	  	  
	  	  	  0.1”	  pixels;	  40’x48’	  fov	  	  	  	  	  	  	  
	  	  	  SDSS	  u’,	  g’,	  r’,	  i’,	  z’	  filters	  	  
	  	  	  Science	  pipeline	  	  	  

HYDRA	  
	  	  	  ~100	  fibers	  red	  or	  blue;	  ~1	  deg	  fov	  	  	  	  
	  	  	  Feeds	  bench	  spectrograph	  
	  	  	  Data	  reducDon	  cookbook	  	  

WIYN	  High	  ResoluDon	  Infrared	  Camera	  (WHIRC)	  
	  	  	  0.1”	  pixels;	  3.3’	  x	  3.3’	  fov	  	  	  	  	  	  	  	  	  
	  	  	  	  J,H,K	  +	  10	  narrowband	  filters	  	  
	  	  	  WIYN	  Tip-‐Tilt	  Module	  (WTTM)	  =	  fast	  guider	  	  
	  	  	  Data	  reducDon	  cookbook	  	  

IFU	  modules	  	  
	  	  	  Visitor	  Instrument	  	  (Bershady)	  
	  	  	  SparsePak,	  GradPak,	  HexPak	  
	  	  	  Feeds	  bench	  spectrograph	  	  

DifferenDal	  Speckle	  Survey	  Instrument	  (DSSI)	  
	  	  	  	  Visitor	  Instrument	  (Howell/Horch)	  
	  	  	  	  	  Simult.	  2-‐band,	  diffracDon-‐limited	  images	  
	  	  	  	  	  V~14.5,	  0.04”	  resoluDon	  (650nm),	  2.8”	  fov	  
	  	  	  	  	  Queue	  mode	  +	  science	  pipeline.	  
WIYNSPKL	  coming	  Oct.	  2016	  

Bench	  spectrograph	  	  
	  	  	  R	  =	  800	  –	  20,000	  
   λλ	  =	  300	  –	  1000	  nm	  	  



6	  

Instrument	  	   2015B	  	  
#prp/#nts	  

2016A	  
#prp/#nts	  	  

2016B	  
#prp/#nts	  

NASA-‐GO	   16/59	   18/85	   16/54	  

	  	  	  	  	  HYDRA	   8/37	   9/46	   7/28	  

	  	  	  	  	  DSSI	  	   6/17	   5/17	   5/13	  

	  	  	  	  	  WHIRC	   2/5	   3/15	   2/8	  

	  	  	  	  	  ODI	  	   -‐-‐-‐	   1/10	   2/5	  

	  	  	  	  	  IFUs	   -‐-‐-‐	   -‐-‐-‐	   -‐-‐-‐	  

NASA/WIYN	  proposals	  



Instrument	  Use	  
•  Instruments:	  

–  ODI	  –	  mulDple	  colors,	  transit	  light	  curves,	  comparison	  star(s)	  
–  HYDRA	  one	  to	  a	  few	  fibers,	  exoplanet	  host	  characterizaDon,	  

	  	  	  	  	  	  metallicity	  	  
– WHIRC	  transit	  light	  curves	  
–  DSSI	  (queue	  mode)	  –	  host	  star	  mulDplicity,	  (small)	  exoplanet	  
validaDon,	  CFOP	  contribuDons	  

•  Note:	  very	  liTle	  Exoplanet	  science	  done	  at	  WIYN	  prior	  to	  
NN-‐EXPLORE	  program	  except	  DSSI;	  used	  since	  2008	  for	  
Kepler	  FOP,	  now	  K2	  ExoFOP	  

	  



Follow-‐up	  of	  HATNet	  Exoplanet	  Candidates:	  
Joel	  Hartman	  	  

DSSI detects (low-mass) stellar 
companions to transiting planet 
candidates from HAT. 79 HATNet 
targets have been observed, 9 
confirmed planets 

WHIRC observes primary or secondary 
transit events. Top: K-band transit for 
HAT-P-56b. Bottom: J-band ingress à 
EB; deeper transit in J than r-band. 



K2	  NIR	  Transit	  Follow-‐Up	  @	  WIYN	  	  
Knicole	  Colón	  

•  Goal	  is	  to	  validate	  and	  characterize	  K2	  exoplanets	  
•  Observed	  8	  targets	  during	  24-‐29	  March	  2016	  run	  
with	  Rp	  =	  1.44-‐10.9	  Re	  and	  Ks	  =	  8.9-‐12.4	  

WD1145+017	  

211929937	  

212069706	  

211331236	  

hot	  Jupiter	  G	  star	  	   super-‐Earth	  M3	  star	  

Depth	  ~21	  mmag	   Depth	  ~	  3.6	  mmag	  



	  K2	  and	  WIYN/Hydra	  Observa:ons	  of	  
Solar-‐type	  Stars	  in	  M67  

Mark Giampapa 	  
	  

WD1145+017	  

211929937	  

212069706	  

211331236	  

A. Önehag et al.: M67-1194, an unusually Sun-like solar twin in M67

Fig. 2. Observations of the Mg Ib triplet region, for both M67-1194 (black) and the FLAMES-UVES Sun (red). A difference spectrum is plotted
below.

For analysis we used SIU (Reetz 1991), a tool to visual-
ize and compare observed and theoretical spectra. SIU has a
built-in line-synthesis module which uses one-dimensional hy-
drostatic model atmospheres in LTE with an ODF representa-
tion of line opacity (MAFAGS, Fuhrmann et al. 1997; Grupp
2004). The line-formation code also assumes LTE. The highly
differential character of the analysis make our results very little
dependent on the model atmospheres used; if, e.g., the more de-
tailed MARCS models (Gustafsson et al. 2008) were used, the
same results would be obtained.

In a first step, we analysed the solar spectrum. We selected
iron lines from the work of Korn et al. (2003), complemented
by lines used by Meléndez et al. (2009, priv. comm.) to cover
a wide range in excitation energies. The KPNO solar atlas was
consulted when setting the local continuum around lines of in-
terest. With Teff = 5777 K, log g = 4.44, [Fe/H] = 0.00, a so-
lar microturbulence of ξt = 0.95 km s−1 was found to minimize
trends of abundance with line strength for both Fe I and Fe II.

The derivation of a differential elemental abundance is a
three-step process. First, the spectral region around every spec-
tral line of interest is carefully normalized by comparing the
relative fluxes in the solar and the stellar spectrum. Next, the
solar spectrum is analysed varying the product of the elemen-
tal abundance and the g f value until a satisfactory fit to the
line profile is achieved. For strong lines damping parameters are
based on quantum-mechanical calculations and adopted from
VALD (Kupka et al. 1999). The Mg Ib triplet line, used in the
determination of the surface gravity, is fitted to the solar line
varying the damping. The treatment of Hα follows Korn et al.
(2003). The “external” profile, including effects of macroturbu-
lence, projected rotational velocity and instrumental profile, is
assumed to be Gaussian with a width determined in this fitting
process. Finally, the stellar spectrum is analysed and the abun-
dance difference noted. Steps 2 and 3 are not carried out one after
the other, to avoid biases that interactive differential line fitting
may be subject to. Rather, a set of lines is analysed in the solar
spectrum, then the same set of lines in the stellar one, without
preconceptions as regards the abundance.

We performed several test calculations to quantify to which
extent this interactive procedure gives results in agreement with

those of a fully automatic procedure. An unweighted χ2 on the
whole line profile was found to give somewhat higher abun-
dances in the analysis of the stellar spectrum. This is not surpris-
ing, as the experienced spectroscopist will tend to compensate
for suspected blends while χ2 will blindly fit them as part of the
line profile. The 1σ offset in abundance when comparing the two
methods was found to be 0.01 dex. Given the good agreement
between these two fitting techniques, we are confident that the
results of this study are independent of the line-fitting method
used. To further check our procedures, we measured equivalent
widths for all spectral lines, both in the spectrum of M67-1194
and in the solar spectrum (see Tables A.1, A.2 and Fig. A.1), and
analysed these widths with a fully independent set of programs
(MARCS, Gustafsson et al. 2008, for the model atmospheres
and the Uppsala EQWIDTH/BSYN package to calculate model
spectra and equivalent widths). The departures in differential
abundances |[X/Fe](M67-1194– Sun)| were typically ±0.01 dex
or less; the maximum deviation was 0.02 dex.

3.1. Fundamental stellar parameters and chemical
composition

The stellar parameters of M67-1194 have been constrained em-
ploying several spectroscopic techniques. The primary method
to estimate the effective temperature is based on the self-
broadened wings of Hα. As Fig. 3 shows, the agreement between
the Hα profile observed for M67-1194 and that of the Kitt Peak
atlas is excellent. Within the noise level, there are no appreciable
departures, except for the few telluric lines present in our obser-
vations. The estimated effective temperature of M67-1194 when
based on the wings of Hα is 5780 ± 50 K.

We furthermore analysed the excitation equilibrium of neu-
tral iron (see Fig. 4) and obtained a Teff equal to 5780 K, omitting
one uncertain high-excitation line. We derived a mean metallic-
ity for M67-1194 of [Fe/H]I = 0.023 ± 0.015 (1σ). The uncer-
tainty in [Fe/H] translates into an uncertainty in effective tem-
perature at the 20 K level (1σ).

Combining the above two indicators, we adopt 5780 ± 27 K
as our current best estimate of the effective temperature of
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Mg	  b	  triple	  region	  –	  red	  =	  host	  star,	  
	  black	  =	  UVES	  solar	  spectrum.	  Difference	  
Shown	  at	  boTom.	  

K2	  light	  curve	  of	  same	  star	  
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Accurate	  Stellar	  CharacterizaDon	  &	  Metallicity	  
for	  Kepler	  and	  K2	  Exoplanet	  Host	  Stars	  

V.	  Smith,	  K.	  Cunha,	  	  C.	  MarDnez,	  J.	  Teske,	  S.	  
Howell,	  S.	  Schuler,	  L.	  Ghezzi	  
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Results	  for	  Kepler	  452:	  Spectra	  used	  to	  
derive	  values	  for	  Teff,	  log	  g,	  metallicity,	  
plus	  	  detailed	  abundance	  	  distribuDons.	  	  
WIYN/Hydra	  spectrum	  showing	  Mg	  I.	  

The	  raDo	  of	  [Mg/Si]	  plays	  a	  role	  in	  the	  	  
structure	  of	  rocky	  planets.	  	  	  



WIYN	  Speckle	  Imaging:	  	  
Companion	  DetecDon	  &	  

(Small)	  Exoplanet	  ValidaDon	  

(a)	   (b)	   (c)	  

1	  arcsec	  

562	  nm	  	  	  	  PanchromaDc	  Integrated	  Image	  
Reconstructed	  Images	  –	  	  What	  WIYN	  +	  Speckle	  sees	  



Kepler	  follow-‐up	  with	  speckle	  imaging	  

Furlan	  et	  al.,	  2016	  
DSSI:	  40+	  separate	  papers	  with	  over	  >200	  (small)	  planet	  validaDons.	  
DSSI	  FOP	  data	  used	  in	  all	  Kepler,	  and	  K2	  catalogue	  papers,	  	  >1000	  
Kepler	  &	  K2	  KOIs	  and	  RV	  planet	  host	  star	  speckle	  images	  in	  NASA	  
archive	  



Binary	  Star	  DetecDon	  –	  RV	  vs.	  high-‐resoluDon	  imaging	  

	  
•  Delta	  magnitudes	  of	  up	  to	  5,	  ~0.04“	  –	  1.4”	  spaDal	  resoluDon	  
•  5-‐20	  AU	  resoluDon	  for	  typical	  Kepler	  stars	  
•  1-‐2	  AU	  resoluDon	  for	  K2	  and	  TESS	  stars,	  nearby	  stars,	  and	  for	  typical	  RV	  planet	  host	  

stars	  
•  Need	  hi-‐res	  imaging	  in	  both	  hemispheres	  (DSSI	  also	  at	  Gemini-‐N	  and	  S)	  
	  
	  
	  



K2	  Exoplanet	  candidate	  

15	  

562 nm 692 nm 

Isochrone	  fits	  yields:	  
True	  companion?	  
M,	  L,	  R,	  M_v	  …	  for	  both	  stars	  
Correct	  planet	  radius	  
Which	  star	  planet	  orbits	  



WIYNSPKL:	  
New	  camera	  to	  be	  
commissioned	  	  	  
at	  WIYN	  in	  
early	  Oct	  2016	  
	  
1024 	  X	  1024	  EMCCDs	  
Narrow	  and	  SDSS	  filters	  
Speckle	  ~20”	  mode	  
Wide-‐field	  ~60”	  mode	  
Fast	  readout,	  26	  fps	  
	  

NN-‐EXPLORE	  
“speckle”	  postdoc	  
at	  NOAO	  to	  help	  
community	  	  
	  (July	  2016)	  
	  


